Abstract. Recurrent spontaneous abortion (RSA) occurs in 1-5% of parturients. The sustained therapy and research for RSA is expensive, which is a serious issue faced by both patients and doctors. The aim of the present study was to detect protein expression profiles in the serum of RSA patients and healthy controls, and to identify potential biomarkers for this disease. A 1,000-protein microarray consisting of a combination of Human L-507 and L-493 was used. The microarray data revealed that eight serum protein expression levels were significantly upregulated and 143 proteins were downregulated in RSA patients compared with the healthy controls. ELISA individually validated 5 of these 151 proteins in a larger cohort of patients and control samples, demonstrating a significant decrease in insulin-like growth factor-binding protein-related protein 1 (IFGBP-rp1)/IGFBP-7, Dickkopf-related protein 3 (Dkk3), receptor for advanced glycation end products (RAGE) and angiopoietin-2 levels in patients with RSA. Sensitivity and specificity analyses were calculated by a receiver operating characteristics curve, and were revealed to be 0.881, 0.823, 0.79 and 0.814, with diagnostic cut-off points of 95.44 ng/ml for IFGBP-rp1, 32.84 ng/ml for Dkk3, 147.27 ng/ml for RAGE and 441.40 ng/ml for angiopoietin-2. The present study indicated that these four proteins were downregulated in RSA samples and may be useful as biomarkers for the prediction and diagnosis of RSA. Subsequent studies in larger-scale cohorts are required to further validate the diagnostic value of these markers.
Introduction
Recurrent spontaneous abortion (RSA), also referred to as recurrent miscarriage, habitual abortion or recurrent pregnancy loss, is defined by more than three consecutive miscarriages prior to 20 gestational weeks (1, 2) . RSA occurs in 1-5% of women during pregnancy (3) . The cause of RSA remains unknown; thus, continuing clinical and laboratory investigations are required (4, 5) . Previous studies have reported that various etiologic factors are involved in certain RSA cases; including chromosome abnormalities, endocrine diseases, uterine abnormalities, placental anomalies, hormonal problems, thrombophilia, infections, nutritional disorders, autoimmune disease and anatomy (6) (7) (8) . The etiology of RSA remains to be fully elucidated despite numerous studies investigating the above factors. Early prediction of the potential risk of RSA is required to increase live birth rates in patients with RSA (9) .
Biomarkers are currently widely used to refine diagnoses, predict disease and monitor the effects of treatment (10) . It is established that the human proteome regulates cellular function and determines the phenotype; thus, the identification of relevant proteins is likely to reveal reliable biomarkers for predicting disease (11) . A range of potential biomarkers for RSA have been previously reported. Stortoni et al (12) reported that expression levels of thrombomodulin were reduced by 45% in patients with RSA compared with healthy individuals, as determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Bao et al (13) determined by RT-qPCR, western blot analysis and immunohistochemistry that serum Dickkopf-related protein (Dkk) 1 levels were increased in RSA patients compared with controls. Additional studies are required to validate these potential biomarkers and their prognostic value. Identifying novel RSA biomarkers may improve the diagnosis, safety and efficacy of current therapies for RSA. As one of the most intensely studied protein families in biomedical science, cytokines have been widely investigated as potential disease biomarkers (14) . The introduction of high-throughput and high-specificity detection of complex proteins at picomolar and femtomolar quantities, and antibody arrays, are now widely used for mining complex proteomes (15) simultaneous screening of numerous secreted signal proteins in complex biological samples (16) . However, to the best of our knowledge, no previous study has identified serum RSA biomarkers using antibody array technology. Therefore, the present study used a RayBio ® Label-Based (L-Series) Human Antibody Array 1000 Membrane kit (RayBiotech, Inc., Norcross, GA, USA) to identify reliable biomarkers for the prediction of RSA.
Patients and methods
Patients and controls. From January 2014 to March 2015, a total of 60 Chinese patients with a history of RSA were recruited as the patient group from the Department of Traditional Chinese Medicine at the Beijing Obstetrics and Gynecology Hospital. They had normal endocrine levels, and their partners had normal spermatogenesis and sperm function. 'Blood stasis' syndrome (BSS, also known as Xueyu zheng in Chinese) is characterized in traditional medicine as 'pain that occurs in a fixed location, dark-purple face or tongue, bleeding, blood spots under the skin, and an astringent pulse' among other features (17) . The concept of blood stasis has been interpreted, changed and developed systematically since ancient times (18) . All 60 RSA patients exhibited the 'blood stasis' features described above at the time of study. Patient characteristics, including age at diagnosis, gravidities, number of child births and timing of spontaneous abortion, are summarized in Table I . For the control group, 20 Chinese females who had experienced full-term pregnancies were recruited from the Department of Traditional Chinese Medicine at the Beijing Obstetrics and Gynecology Hospital.
Ethical approval and sample collection. All participants signed informed consent forms prior to participation. The present study was approved by the Ethics Committee of the Beijing Obstetrics and Gynecology Hospital, Capital Medical University (Beijing, China; approval no. 2014-KY-001). Whole blood samples were collected from each participant. Serum was collected following blood centrifugation at 550 x g for 10 min at 4˚C, and stored at -80˚C. The sera of 23 RSA patients and 10 healthy subjects were pooled into 6 samples followed by standard processing (19) . The samples included those that could be classified as 'blood stasis' 1, 2 and 3, 'non-blood stasis' 1, 2, and 3, and controls 1-6. The order of mixing is presented in Table II . All mixtures were obtained by mixing equal volumes of sera.
Antibody array assay. The 12 samples described above were assayed for the relative expression of 1,000 human proteins. The target proteins included cytokines, chemokines, adipokines, growth factors, angiogenic factors, proteases, soluble receptors and soluble adhesion molecules. A RayBio ® Label-Based (L-Series) Human Antibody Array 1,000 Membrane kit (consisting of a combination of Human L-507 and L-493) was used for protein detection in accordance with the manufacturer's protocol. The signals were scanned at a wavelength of 532 nm using an InnoScan 300 Microarray Scanner (Innopsys, Carbonne, France; resolution, 10 µm) and analyzed using RayBio Analysis Tool software (AAH-BLG-1-SW and AAH-BLG-2-SW; RayBiotech, Inc.).
Detection of protein levels by ELISA. As determined by microarray analysis, serum markers with significant differences in expression levels between patients and healthy individuals were detected in 60 patients and 20 controls using ELISA kits (ELH-TRAPPIN2, ELH-IGFBPRP1, ELH-RAGE, ELH-DKK3 and ELH-Angiopoietin-2; RayBiotech, Inc.) according to the manufacturer's protocol. Trappin-2, insulin-like growth factor-binding protein-related protein 1 (IGFBP-rp1)/IGFBP-7, receptor for advanced glycation end products (RAGE), Dkk3, and angiopoietin-2 levels were detected. Serum samples were incubated at room temperature. Following washing with wash buffer, a prepared biotinylated antibody was added into the microplate to capture the target protein. Following this, horseradish peroxidase-conjugated streptavidin was used to bind with biotin from the biotinylated antibody. Finally, 1-Step 3,3',5,5'-tetramethylbenzidine-ELISA substrate solution was added followed by stop solution, and absorbance was measured at a wavelength of 450 nm by absorbance microplate reader ELx800 (BioTek Instruments, Inc., Winooski, VT, USA).
Statistical analysis and bioinformatics. All array data analyses were performed using RayBio Analysis Tool software. Biostatistics and bioinformatics analysis included discriminatory protein analysis and data mining cluster analysis. Statistical differences between two groups were determined by Student's t-test. Fold change values of proteins were used as indicators of relative expression levels. Data mining cluster analysis was used to identify potential biomarkers by clustering all relevant proteins according to the similarity of their expression profiles using Cluster software version 3.0 (http://cluster2.software.informer.com/3.0). ELISA data was analyzed using SigmaPlot software version 12.0 (Systat Software, Inc., San Jose, CA, USA). T-and F-tests were used to analyze ELISA quantification. The receiver operating characteristics curve (ROC) method was used to assess sensitivity and specificity of potential biomarkers using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Analysis of antibody microarrays.
A total of 1,000 proteins were measured in the serum mixture using the microarray. The spectra of 1,000 proteins from eight samples are presented in Fig. 1 . The results demonstrated that 151 proteins had significantly different expressions between the two groups. Of these differential proteins, eight were significantly upregulated, and 143 proteins were downregulated in RSA patients compared with controls (Table III) . Fig. 2 presents are boxplots of the fluorescence signal values of eight differential proteins, selected for signal strength, fold changes and clinical significance. Serum mixture samples were arranged by similarities in the abundance of these 151 markers in the sera clustering algorithm, which produced two clusters that contained patients and healthy individuals (Fig. 3) .
Validation of microarray data by ELISA.
A total of five of the 151 proteins were selected for validation assay Table III . A total of 151 proteins with significantly different expression levels between patients with RSA and controls. Fig. 4) .
--------------------------------------------------------------------------------------------------------------------------------------------------------t-test
Analysis of sensitivity and specificity of serum biomarkers for RSA. To validate whether IGFBP-rp1/IGFBP-7, Dkk3, Figure 2 . Boxplots of differential serum proteins between RSA patients and controls. P<0.05, RSA vs. control for all presented proteins. ANG-2, angiopoietin 2; IGFBP-rp1/IGFBP-7, insulin-like growth factor-binding protein-related protein 1/insulin-like growth factor-binding protein 7; Dkk3, Dickkopf-related protein 3; RAGE, receptor for advanced glycation end products; RSA, recurrent spontaneous abortion; TOPORS, topoisomerase I binding, arginine/serine-rich, E3 ubiquitin protein ligase; C2, complement C2; RECK, reversion-inducing-cysteine rich protein with kazal motifs. RAGE and angiopoietin-2 may be used as biomarkers for predicting RSA, ROC curves were used to analyze sensitivity and specificity. Area-under-ROC-curve values for IGFBP-rp1/IGFBP-7 (Fig. 5A) , Dkk3 (Fig. 5B) , RAGE (Fig. 5C) and angiopoietin-2 ( Fig. 5D ) cytokines were 0.881, 0.823, 0.79 and 0.814, respectively. IGFBP-rp1/IGFBP-7 had a sensitivity of 95% and specificity of 78.33%. Dkk3 had a sensitivity of 80% and specificity of 83.33%. RAGE had a sensitivity of 65% and specificity of 86.70%. Angiopoietin-2 had a sensitivity of 90% and specificity of 64.40%. All these were deemed suitable biomarkers for the prediction of RSA.
Discussion
Potential biomarkers of RSA have previously been reported. Khonina et al (20) investigated whether mixed lymphocyte reaction blocking factor may be used as an indicator of the efficacy for immunotherapy with paternal lymphocytes in females with RSA. Metwally et al (21) performed a proteomic analysis of obese and overweight women with RSA by 2-D gel electrophoresis, principle component analysis and mass spectrometry, and demonstrated that RSA patients exhibit a significant increase in haptoglobin expression. Ibrahim et al (22) demonstrated that pentraxin-3 indicates the presence of abnormally exaggerated intrauterine inflammation that may cause pregnancy failure in females with unexplained RSA. Kim et al (23) identified RSA-associated factors in human blood samples by 2-D gel electrophoresis, and analyzed spots samples with matrix-assisted laser desorption/ionization-time of flight/mass spectrometry, and reported that in RSA patients, inter-α-trypsin inhibitor heavy chain family member 4 (ITI-H4) expression was low and exhibited a molecular weight of 120 kDa in controls; however, ITI-H4 was expressed at higher levels and at a modified molecular weight of 36 kDa in the RSA patient group. This indicated that ITI-H4 may be used as biomarker of RSA. The present study used antibody array technology for a primary screening of RSA biomarkers on pooled samples. The array results revealed that the levels of eight cytokines were significantly increased in the RSA patient group compared with controls, and the levels of 143 of the tested 1,000 proteins were significantly reduced in the RSA patient group compared with controls. A total of 5 proteins, trappin-2, IGFBP-rp1/IGFBP-7, Dkk3, RAGE and angiopoietin-2, were selected for ELISA Table IV . ELISA analysis of cytokine levels in the serum of patients with RSA and healthy controls. validation assay in a larger cohort of patient and control subjects. ELISA results for these proteins were in accordance with the array results. Sensitivity and specificity analysis by ROC revealed that these four cytokines may be used as biomarkers of RSA.
To the best of our knowledge, the association between IGFBP-rp1/IGFBP-7, Dkk3 and angiopoietin-2, and RSA has not been reported. However, an isoform of the RAGE protein, sRAGE, has been reported to be associated with RSA (24) .
IGFBP-rp1/IGFBP-7. IGFs, which have characteristics of tissue growth factors and circulating growth hormones, are potent mitogens and anti-apoptotic agents (25) . IGFs include the hormones IGF-I and -II and their corresponding receptors, and the IGFBPs (26) . The IGFBP superfamily includes six members (IGFBP-1-6) and 10 associated proteins (IGFBP-rp1-10) (27) . IGFBP-7 has been demonstrated to be a tumor suppressor in a variety of cancers. Benatar et al (28) reported that treatment with IGFBP-7 may have therapeutic potential for triple-negative breast cancer. Liu et al (29) demonstrated that IGFBP-7 was downregulated in gastric cancer, and that it may be used as an indicator of poor prognosis in patients with gastric cancer. IGFBP-7 has additionally been proposed as a novel biomarker for assessing the risk of Figure 4 . Validation of five differentially expressed proteins obtained from microarray analysis, and validated by ELISA. Concentrations of these factors in serum samples obtained from RSA patients and healthy controls were calculated using the four parameters method. IGFBP-rp1/IGFBP-7, insulin-like growth factor-binding protein-related protein 1/insulin-like growth factor-binding protein 7; Dkk3, Dickkopf-related protein 3; RAGE, receptor for advanced glycation end products; RSA, recurrent spontaneous abortion. acute kidney injury (30) and heart failure with reduced ejection fraction, and has been demonstrated to have links to the presence and severity of echocardiographic parameters of abnormal diastolic function (31).
Dkk3
. The Wnts are an evolutionarily conserved family of secreted glycoproteins characterized by numerous conserved cysteine residues (32) . The Dkk proteins are secreted Wnt inhibitors, inducing removal of the Wnt co-receptor low-density lipoprotein receptor-related protein, and consist of four primary members in vertebrates (Dkk1-4) (33, 34) . Dkk-3 is downregulated in various types of cancer cells. Loss of Dkk3 protein expression is associated with poor prognoses in patients with gastric cancer, indicating that it may be a biomarker for predicting lymph node involvement in these patients (35) . Dkk3 has recently been implicated in clear cell renal cell carcinoma, and may present a novel molecular target for its diagnosis and treatment (36) . Additionally, Dkk3 may represent a therapeutic target for the treatment of heart failure following myocardial infarction (37) .
RAGE. RAGE is a cell-surface receptor that interacts with AGEs, and is a member of the immunoglobulin superfamily (38) . RAGE activation via its multiple ligands, including S100 calcium-binding protein (S100A) 4 (39), high mobility group box 1 protein (40) and amyloid-β protein (41) , serves important roles in certain diseases. Dahlmann et al (42) demonstrated that the activity of S100A4-RAGE induces RAGE-dependent increases in the migratory and invasive capabilities of colorectal cancer cells. Guo et al (43) identified RAGE as a potential prognostic biomarker in renal cell carcinoma. RAGE/S100A7 signaling has been demonstrated to have a functional role in linking inflammation to aggressive breast cancer development; therefore, RAGE expression is Fig. 5D) . 0.5≤AUC≤1, the biomarker is strongly differential between patients and controls; AUC≤0.5, no predictive value. ROC, receiver operating characteristics curve; IGFBP-rp1/IGFBP-7, insulin-like growth factor-binding protein-related protein 1/insulin-like growth factor-binding protein 7; Dkk3, Dickkopf-related protein 3; RAGE, receptor for advanced glycation end products; RSA, recurrent spontaneous abortion.
currently regarded as a potential biomarker for triple-negative breast cancer (44) . Additionally, overexpression of RAGE may be a useful marker to predict gastric cancer progression (45).
Angiopoietin-2.
As a member of the angiopoietin family, angiopoietin-2 has complex and unique roles in regulating angiogenesis, and has additional unconventional functions, including stimulating tumor angiogenesis, invasion and metastasis via Tie2-independent signaling pathways, involving integrin-mediated signaling. Therefore, angiopoietin-2 may have great potential as a therapeutic target, prognostic marker and inhibitor of human cancer (46) . Angiopoietin-2 is expressed during vascular remodeling, thus preventing vascular stability (47) . A study by Morrissey et al (48) demonstrated that angiopoietin-2 inhibition impeded tumor growth of LuCaP 23.1 prostate cancer xenografts, and suggested that angiopoietin-2 inhibition in combination with other treatments is a potential therapy for metastatic disease patients. Calfee et al (49) reported that lowering plasma angiopoietin-2 with fluid conservative therapy may be beneficial, in part by decreasing endothelial inflammation. Goede et al (50) demonstrated that serum angiopoietin-2 represents a candidate biomarker for the outcome of metastatic colorectal cancer patients treated with bevacizumab-containing therapy. Additionally, angiopoietin-2 has been associated with other diseases, including chronic kidney disease (51) and cerebral malaria (52) .
In conclusion, the present study used a microarray platform to detect 1,000 proteins to identify dysregulated serum factors in RSA samples. This method was demonstrated to be effective in investigating dynamic alterations in protein profiles, and to select target proteins for further RSA research. The results indicated that IGFBP-rp1/IGFBP-7, Dkk3, RAGE and angiopoietin-2 expression were downregulated in RSA patients, suggesting that they may be important in the pathological process of RSA. Furthermore, upregulating them may inhibit the development of RSA. Therefore, these biomarkers represent potential predictive and diagnostic markers for RSA due to their high sensitivity and specificity. However, larger-scale studies are required to confirm the diagnostic value of these markers.
